Abstract Poly(L-lactide) (PLLA) oligo-esters with α-hydroxyl-ω-alkyl (alkyl = −CH 2 −[CH 2 −CH 2 ] n −CH 3 , where n = 1, 2, 4, 5, 6, 7, 8, 9, and 10) PLLA. An important effect of alkyl end group on a double cold crystallization (T c1 and T c2 ) was observed, and is directly related with the segregation phase between alkyl end group and PLLA. TGA analysis revealed that PLLA oligo-esters are more thermally stable with docosyl (−C 22 H 45 ) respect to the butyl (−C 4 H 9 ) end group, probably is due to steric hindrance of the end group (docosyl respect to butyl) toward intermolecular and intramolecular transesterification. SAXS analysis showed that alkyl end group as docosyl restricted the growth of lamellae thickness (D) due to steric hindrance. Characterization of hydroxyl and alkyl end groups in the PLLA oligo-esters was determined by MALDI-TOF, GPC, FT-IR and 1 H and 13 C NMR.
Introduction
Poly(L-lactide) (PLLA) 1 is an important aliphatic polyester with degradable properties and potentials application in biomedical area [1] . Typically, PLLA is obtained by ring-opening polymerization (ROP) of L-lactide (L-LA) in presence of a catalyst as tin (II) 2-ethylhexanoate or tin octato Sn(Oct) 2 [1] [2] [3] . Sn(Oct) 2 is the most important catalyst in ROP of lactones because was approved by Food and Drugs Administration (FDA) as food additive [4] . In ROP of lactones is common the use of initiators, for example: primary and secondary aliphatic alcohols (ROH) [2] . Initiator (ROH) can react with Sn(Oct) 2 and produce a tin alkoxide (Oct-Sn-OR) by transfer reaction [5, 6] , where tin alkoxide is active specie in the ROP of lactones as L-LA [6] , as result a polyester with aliphatic (R) and hydroxyl (OH) end group can be obtained. A similar synthetic method was reported by Seppälä and coworkers [3] in the synthesis of PLLA with different hydroxyl end-groups.
PLLA with terminal groups α-hydroxyl-ω-alkyl has been used as: a) macroinitiator in the synthesis of diblock copolymers [7] [8] [9] , b) compatibilizer within polymer blends polyethylene/PLLA [10, 11] and c) depressed factor in erosion surface of PLLA by enzymatic and hydrolytic degradation due to alkyl end group [12] [13] [14] .
Recently, Abe and coworkers [12, 13] studied the effect of alkyl end groups as dodecyl (C 12 H 27 ) or tetracosyl (C 24 H 49 ) on enzymatic [12, 13] and nonenzymatic [13] degradation of the PLLA, they found that the alkyl end group affected the enzymatic degradation, end groups with carbon number bellow 11 and over 12 were homogeneously and heterogeneously degraded, respectively [13] . Contrary, the thermal properties of PLLA samples showed similar values and independent of the structure in the terminal alkyl group.
In the two works previously reported [12, 13] , only high molecular weights were used for the study of PLLA with different alkyl end groups (M n (GPC) = 106000 [12] , and 73000 [13] ). In a third work [14] , the thermal properties of PLLA oligo-esters (M n (GPC) = 7800-39000) with only a small alkyl end group as dodecyl (C 12 H 27 ) were nearly identical respect to nonend-capped PLLA.
Hypothetically, the effect of one end group can be most important on PLLA oligoester (M n (GPC) ∼ 3500) that to polyester high molecular weights. However, the effect of [17] as catalysts, respectively, in the case of Sn(Oct) 2 they found that 1-butanol is better initiator respect to ethylene glycol or 1,3-propanediol because a cyclic complex in the transfer reaction is not favored [16] . Usually, Sn(Oct) 2 Moderate yields (62-71 %) were achieved at 170 °C for 2h. The value of theoretical degree of polymerization (DP) expected for all PLLA oligo-esters is 20. However, the DP obtained (by 1 H NMR) after purification is higher (DP (NMR) = 25-31). This result can be attributed to losses of oligomers in the recrystalization step. Nine different samples of poly(L-lactide) (PLLA1-10) were obtained by this route (Table 1) . Unimodal distributions and moderate polydispersity (M w /M n = 1.23-1.33) were observed in all GPC chromatograms. Values of M n (GPC) are higher than M n (NMR). Overestimation of M n obtained by GPC for PLLA is a common feature, since polystyrene standards are used in the construction of the calibration curve, these different values were attributed to differences in hydrodynamic volume and molecular masses between polystyrene and PLLA [18] [19] . In the case of oligo-esters as poly(L-lactide) or poly(ε-caprolactone) M n values from the NMR analysis are close to the calculated theoretical M n values [18] [19] [20] [21] [22] . Therefore, the absolute M n was obtained from NMR analysis.
Results and discussion

Synthesis and Characterization
In Figure 1 [21, 24, 25] . Signals for methylenes were assigned using substituent additivity rules and literature data [26] . Carbon d appears with most difference between δ calculated and δ NMR (Table 2) , d is a double γ-carbon with respect to methyl and ester group, and produces a shift to the right due to steric compression of a gauche interaction [26] . A similar phenomenon was observed for carbon gamma (γ) in the main chain for the PCL [19] .
MALDI-TOF spectrum for α-hydroxyl-ω-docosyl (PLLA) (PLLA10) is showed in the Figure 3a . Unimodal distribution similar to GPC is seen. A significant predominance of the linear PLLA10 oligo-ester was observed after analysis of signals. Effect of alkyl end group on thermal properties and crystalline nature of the PLLA was studied by DSC (Table 3 ). The thermal profile of α-hydroxyl-ω-butyl PLLA (PLLA1, Figure 4 ) reveals characteristics of glass transition temperature (T g = 37 °C), crystallization temperature (T c1 = 78 °C), and melting temperature (T m1 = 141 °C); a similar pattern to PLLA is observed in other synthesized [25, 29] and commercials samples [29] . decreasing proportionally as the % EG has increased, even disappear with 31 %. To our knowledge, the phenomenon of double cold crystallization has never been observed in previous works from PLLA [12] or PE-b-PLLA [10, 31, 32] . Our evidence shows that: 1)
when alkyl end group (CH 3 −[CH 2 −CH 2 ] n −CH 2 −) showed a percent in weight over 11 % in the PLLA, a double cold crystallization was induced in the PLLA oligo-ester, 2) the double cold crystallization of PLLA is directly related with the segregation phase between alkyl end group and PLLA, and 3) Based on the presence of a double cold crystallization in the thermograms is possible to affirm than that start segregation phases process is at % EG ≥ 11
for PLLA oligo-esters with M n (NMR) = 2120-2450.
In the α-hydroxyl-ω-alkyl PLLA oligo-esters is expected that alkyl end group have an effect on thermal stability, and by thermogravimetric analysis (TGA) was observed, for example: Jamshidi [33] reported an increase in degradation temperature [detected by TGA]
of the α-acetyl-ω-(carboxyl acid) PLLA (PLLA acetylated) respect to α-hydroxyl-ω-(carboxyl acid) PLLA. In our samples (Figure 8 ), thermogravimetric analysis (TGA) of PLLA oligo-esters showed only one inflection temperature for ω-butyl and ω-docosyl end group at 215 and 223 °C, respectively. The difference in thermal degradation probably is due to steric hindrance of the end group (docosyl respect to butyl) toward intermolecular and intramolecular transesterification in the formation of monomer and cyclic oligomers.
Small-angle ray-x scattering (SAXS)
It is well-known that PLLA is a semicrystalline polyester with lamellar structure in its crystalline phase that can be detected by small-angle ray scattering (SAXS). With this idea, in the Figure 9 the SAXS curves for α-hydroxyl-ω-butyl poly(L-lactide) (PLLA 1) and α-hydroxyl-ω-docosyl poly(L-lactide) (PLLA10) at different temperature are showed. In figure 9a , scattering of PLLA1 at lower temperature (27 °C) is not seen. Typically, scattering of PLLA commercial samples at room temperature has not been observed.
However, when increasing temperature one scattering peak at T = 80 °C and q max = 0.54 nm -1 is observed just after the beginning of the crystallization T c1 , based on q max the long period (L = 2π/q max ) was calculated, L = 11.6 nm, indicating the distance center-to-center between lamellae. When the temperature was gradually increasing the maximum peak Co-initiator %EG in PLLA Table 4 . Effect of M n on thermal properties of α-hydroxyl-ω-docosyl poly(L-lactide) (PLLA) (PLLA11-13).
TABLES
